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Abstract 
The multi-objective scheduling of maximizing the profit and minimising the emission of a Hydro -Thermal System (HTS) using 
Lagrangian Relaxation-Evolutionary Programming (LR-EP) technique has been presented in this paper.  The various constraints 
of the hydro and thermal power system network considered are power balance, reservoir storage, turbine flow rate and   loading 
limits of both thermal and hydro plants. Numerical results for a sample test system consist of four hydro and three thermal plants 
have been presented.  The increase in demand for electricity has lead to the introduction of hydro, nuclear and tidal power 
stations. Under such cases, it is essential to interconnect hydro and thermal plants so that effective utilization of all the available 
energy resources can be carried out and demand can be met easily. Since the operational cost of hydropower plant is low, it can 
be integrated with thermal power plant so that most of the demand can be met by hydro power plant resulting in less usage of 
fossil fuel consumption for thermal power plants. Unit Commitment (UC) for thermal plants in the deregulated environment has 
been dealt with in the earlier works showing considerable profit. Here, in this paper a new attempt has been carried out for multi-
objective scheduling of hydrothermal power plants   for a Generating company (GENCO). It is observed that there is a increase 
in profit   on the inclusion of non-renewable energy source such as hydro power plants, since it reduces the fuel consumption of 
thermal power plants. This proves the improved effectiveness of the proposed method.  
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1. Introduction 
The Multi-Objective scheduling of a Hydro -Thermal System (MO-HTS)   aims at the optimal power 
generation of hydro and thermal plants while satisfying all the hydro and thermal constraints. For this problem, the 
main objectives are to maximise profit and minimise emission for the betterment of the environment GENCO. To 
solve this many optimization techniques have been evolved over the past few years, such as nonlinear programming 
[1], network flow [2], Dynamic Programming (DP) [3, 4], Lagrangian Relaxation (LR) [5]. From all the above 
mentioned techniques, DP is the widely adopted technique and has been reported in several earlier research works. 
Though it is able to handle the complex constraints directly, the major drawback is its large memory requirements. 
The other method reported above adopts small approximations for solving the problem with ease, but it leads to 
suboptimal solutions. 
MO-HTS is a multi-objective optimization problem which deals with the optimization of two competing 
objectives such as maximisation of profit and minimisation of emission. In the recent years, many new different 
methods have been used to solve this problem. Some of the methods are goal- attainment method [6], real coded 
genetic algorithm [7], and improved genetic algorithm with evolutionary direction operator [8]. These methods 
generally transform the multi-objective problem to a single one by constrained or weighted methods which will 
result in multiple runs for obtaining the final solution. 
Hydro-electric energy is known as zero-emission energy source as water is used to produce energy contrary 
to the fossil fuels which releases gases such as Carbon dioxide (CO2), Nitrogen Oxide (NOx) and Sulphur Oxide 
(SOx). Other advantages of the hydro-electric energy source are an efficient source of energy, fast response in 
commissioning and decommissioning and adjustment of production over a wide operation range.   In order to 
optimally make use of the amount of water available through cascaded reservoir, a pumped- storage unit can be 
installed with the cascaded reservoir. This problem has been dealt with in paper [10, 11]. 
The concept of pumped storage units have been used since early years and still planned to be built due to 
their ability of providing fast response to system demand variations has been presented in papers [12-15]. The 
colonel selection algorithm has been proposed in paper [16] to schedule the HTS in short-term where the problem is 
modelled as a single-objective optimization problem to minimize the operational cost of the thermal units. In paper 
[17, 18], a fuzzy rule base technique has been used for solving the HTS problem. A two- phase neural network has 
been presented in paper [20] for the scheduling of cascaded HTS. 
In this paper, a novel multi-objective scheduling with LR-EP technique has been proposed for solving a test case of 
a multi-reservoir cascaded four hydro units and three thermal units. The proposed problem has not been reported in 
any of the earlier works.  Here, in this paper a new attempt has been carried out for multi-objective scheduling of 
hydrothermal power plants   for a Generating company (GENCO). It is observed that there is a increase in profit   on 
the inclusion of non-renewable energy source such as hydro power plants, since it reduces the fuel consumption of 
thermal power plants. This proves the increased effectiveness of the proposed method.  
2. Problem formulation 
In a restructured market, the   basic idea of hydrothermal coordination is the scheduling of hydro and 
thermal power generation effectively so as to maximize the profit of the GENCO with the optimally planned unit 
commitment and economic load dispatch. Electrical power is produced by various sources such as thermal, hydro, 
wind, solar energy etc., Among all thermal power plants contribute its major part by the use of fossil fuel, oil, coal 
and natural gases to generate electricity. But the disadvantage is that it leads to the gaseous emission and causes air 
pollution. Since the environmental aspect is also an important aspect to be taken into consideration in today’s 
scenario, the general problem of HTS has been modified to a multi-objective problem so as to maximize the profit 
and minimise emission. 
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2.1 Objective 1: 
Maximizing the profit of GENCO can be generally stated as 
ሺϐሻ ൌ  െ                                        (1) 
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Hydro power generation  
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Where 
C1i, C2i, C3i, C4i, C5i and C6i are the coefficients of hydro power generation. 
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Water discharge constraint 
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Hydraulic continuity equation 
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Where 
Ru is the set of upstream units directly above hydro plant i,  
qi(t+1) is the water discharge of the ith turbine at (t+1)th interval 
ri(t+1) is the water inflow of the ith  reservoir  at (t+1)th interval 
Ramp Up/Down limits: 
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where URi and DRi is are the up-ramp and down-ramp limits of the ith generator, respectively. 
2.2 Objective 2: 
Here the objective is to minimise the total emission caused by the atmospheric pollutants and is   given by 
FEi (PGTi )=10-2(Įi + ȕi PGTi +Ȗi P2GTi ) + Și exp(Ȝi PGTi )                                                                                        (14) 
Where, 
Įi  , ȕi  , Ȗi  , Și  , Ȝi are constants which are unique for each thermal generating unit. 
3. Proposed methodology 
The mathematical formulation leads to a large scale mixed integer non linear optimization problem. Among 
the various approaches LR method is widely used because of its ability to include a detailed representation of the 
test system for solving the optimization problem. 
The main disadvantage of LR technique is that it suffers from convergence problem. To overcome this problem, a 
hybrid method LR and Evolutionary Programming (EP) has been adopted for solving the MO-HTS problem. This 
method solves the problem through the dual optimization method. The dual procedure attempts to reach the 
constrained optimum by maximizing the Lagrangian function with respect to lagrangian multipliers Ȝ and µ, while 
minimizing with respect to unit status, generated power and reserve power generation. At each iteration, lagrangian 
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multipliers are updated using EP technique to improve the problem solution obtained within a reasonable time 
frame. The algorithm is given as below. 
Step 1: Lagrangian multipliers namely Ȝ and µ are generated randomly.  
Step 2: The dual value ‘q’ is obtained from equation (16) which indicates the fitness of each chromosome. 
The Lagrangian function with the inclusion of lagrangian multipliers can be calculated from 
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Step 3: Gaussian mutation function is used to create new population of chromosomes from the existing parent 
population. 
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The standard deviation N(0,σt
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ߪ௜ ൌ ߚ ൬୫ୟ୶൫௙೅೔ೕ൯௙೅೔ ൰ כ ሺ ௠ܲ௔௫ െ  ௠ܲ௜௡ሻ                                              (18) 
where ߚ is a scaling factor, which can be tuned during the process of search for optimum.   
Step 4: Obtain the values of Pit and Rit by solving economic dispatch for each hour with the Xit obtained from the 
winning population. The primal value J is calculated from the obtained values of Pit and Rit.  
Step 5: Duality gap is given by ߝ ൌ ሺܬ െ ݍሻȀܬ which is the terminating criteria. If the duality gap is lesser than a 
predefined tolerance value (0.005) then stop, else go to step 1. 
4. Numerical results 
The proposed algorithm is implemented on a test case of multi-reservoir cascaded four hydro units and 
three thermal units [18, 19].It has been scheduled for a day with 12 hours interval, each of one hour duration. The 
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fuel cost coefficients of each thermal generators and their forecasted spot price are shown in Table.1 and Table. 2 
respectively. All the data for hydro power plants are given in appendices. 
Table 1 
Fuel cost coefficients of thermal generating units 
 UNIT 1 UNIT 2 UNIT 3 
Pmax(MW) 600 400 200 
Pmin(MW) 100 100 50 
a($/h) 500 300 100 
b ($/h) 10 8 6 
c ($/h) 0.002 0.0025 0.005 
Min up time (h) 3 3 3 
Min down time(h) 3 3 3 
Startup cost ($) 450 400 300 
Table 2 
Forecasted spot price 
Hour Forecasted Spot Price ($/Mw-H) 
1 10.55 
2 10.35 
3 9 
4 9.45 
5 10 
6 11.25 
7 11.3 
8 10.65 
9 10.35 
10 11.2 
11 10.75 
12 10.6 
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Table 3 
Multi-objective hydrothermal scheduling for four hydro and three thermal system without ramp limits 
Hours Ph1 Ph2 Ph3 Ph4 P1 P2 P3 R1 R2 R3 Profit Emission 
HRS MW MW MW MW MW MW MW MW MW MW ($) (lb/hr) 
1 83 53 52 206 170 0 0 20 0 0 1352.452 7.652 
2 86 67 19 137 200 0 0 25 0 0 1248.523 9.623 
3 89 76 76 117 0 200 0 0 40 0 957.523 10.235 
4 66 58 58 130 200 0 0 52 0 0 956.752 10.005 
5 75 51 92 180 550 0 0 70 0 0 957.413 47.563 
6 71 73 84 92 0 400 200 0 0 0 1303.852 78.0325 
7 52 45 19 127 600 0 0 0 0 0 1214.782 82.523 
8 56 73 59 139 600 0 0 0 0 0 1685.744 79.012 
9 75 49 107 164 0 0 200 0 0 0 830.153 49.874 
10 56 49 59 190 330 0 0 33 0 0 1178.523 22.059 
11 54 49 55 82 400 0 0 0 0 0 283.563 42.562 
12 80 64 113 136 0 400 150 0 0 46 1652.844 10.256 
                      13622.123 449.397 
Table 4 
Multi-objective hydrothermal scheduling for four hydro and three thermal system with ramp limits 
Hours Ph1 Ph2 Ph3 Ph4 P1 P2 P3 R1 R2 R3 Profit Emission 
HRS MW MW MW MW MW MW MW MW MW MW ($) (lb/hr) 
1 83 53 52 206 0 157 0 0 17 0 1325.346 5.113 
2 86 67 19 137 189 0 0 20 0 0 1276.358 7.394 
3 89 76 76 117 0 0 200 0 0 0 918.095 9.926 
4 66 58 58 130 0 0 200 0 0 0 800.713 10.005 
5 75 51 92 180 0 385 150 0 69 0 797.824 45.825 
6 71 73 84 92 576 0 0 95 0 0 1279.890 77.339 
7 52 45 19 127 0 0 200 0 0 0 1164.283 77.339 
8 56 73 59 139 0 372 200 0 27 0 1626.771 77.339 
9 75 49 107 164 587 0 0 58.7 0 0 819.397 49.002 
10 56 49 59 190 330 0 0 33 0 0 1161.404 22.059 
11 54 49 55 82 393 0 0 40 0 0 257.661 40.101 
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12 80 64 113 136 0 389 150 55 0 0 1629.736 10.183 
                      13057.488 431.625 
Table 3 shows the Multi-objective hydrothermal scheduling for four hydro and three thermal systems   
considering without ramp limits. It is seen from the above table that the best compromised solution obtained using 
LR_EP technique are found to be 13,622.12$ as profit and emission as 449.397 lb/hr. The results in Table 4 show 
that the profit and emission gets reduced due to the inclusion of practical constraints such as ramp limits and are 
found to be 13057.48$ as profit and emission as 431.625 lb/hr. Though both profit and emission gets reduced, the 
system implemented becomes more practicable because of   the inclusion of ramp limits. Figure. 1 shows the 
difference between the forecasted demand and dispatched power for the test system. Since the problem is focussed 
on maximizing the profit of GENCO, they no longer have to balance the power balance constraints. They can 
produce the power generation less than the demand. Figure. 2 show the hourly profit for a MO-HTS with and 
without considering the ramp limits. Figure 3 shows the hour wise emission for a MO-HTS with and without 
considering ramp limits. Thus is very well understood from the plotted that both profit and emission gets reduced 
when ramp limits are added. 
Fig. 1 Comparison between Output power dispatched and forecasted power demand using LR-EP technique 
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Fig. 2 Hour-wise profit for Multi-objective hydrothermal system with and without ramp limits 
Fig. 3 Hour-wise emission for Multi-objective hydrothermal system with and without ramp limits 
5. Conclusion 
In this paper, a novel method has been proposed for solving   Multi-Objective Hydrothermal Unit 
Commitment and Scheduling applicable for   GENCO. Hybrid LR-EP technique is used for a test case of multi-
reservoir cascaded four hydro and three thermal units. The MO-HTS IS focussed so as to maximise the profit of 
GENCO simultaneously minimising emission. The best compromised solution obtained are tabulated and shown 
graphically. It is clearly seen that for the more practicable situation wherein the ramp limits are accounted for. 
Further the work can be carried out by including security constraints or by upgrading the system with risk evaluation 
conditions. 
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Appendix 
Table A1 Hydro power generation coefficients 
hŶŝƚ ϭ Ϯ ϯ ϰ ϱ ϲ
1 0.0042 0.42 0.030 0.90 10.0 50 
2 0.0042 0.30 0.015 1.14 9.5 70 
3 0.0016 0.30 0.04 0.55 5.5 40 
4 0.0030 0.31 0.027 1.44 14.0 90 
Table A2 Hydro plant unit data 
 hŶŝƚϭ hŶŝƚϮ hŶŝƚϯ hŶŝƚϰ
Initial volume 100 80 170 120 
Qmin 5 6 10 6 
Qmax 15 15 30 20 
Phmin(MW) 0 0 0 0 
Phmax (MW) 500 500 500 500 
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